In this article we use a surface response approach to investigate the effect of iron sulphide as well as the compositions of PTFE in the overall columbic efficiency of a NiFe cell battery. Our results demonstrate that iron sulphide favours the process of charge/discharge of a NiFe cell. Our experimental results indicate iron sulphide improves the performance of a NiFe cell, but more research is still needed in order to achieve a large scale utilisation of such cells.
Introduction
Renewable sources (such as solar, wind power, etc.) are changing the energy market and they may displace significant amounts of energy that are currently produced by conventional means; this is, for example, an staggering 57% of the total demand of electricity in Denmark by 2025 [1] , and almost 16% of China by 2020 among others [2] .
Wind power, one the world's fastest growing technologies of its kind [3] , allows the conversion of wind energy into more useful forms of energy. As offshore wind is stronger than on land, offshore wind farms have the potential to convert larger amounts of wind energy into more useful forms of energy (such as electricity) than their onshore counterparts. However, wind energy is not always available on demand; energy experts have identified rechargeable aqueous batteries, such as lead-acid and nickel-iron, as suitable solutions to overcome this problem [4] . The reasons for this are many, but in general aqueous battery technology has the potential to provide an efficient, safe, environmentally friendly, and cost effective way of storing grid-scale amounts of energy, thus reducing the impact of wind forecast errors and also minimising the asynchronous problem of energy generation and demand.
Successfully commercialised in the early 20th century [5] , nickel/iron (NiFe) batteries are aqueous rechargeable energy storage devices that fell out of favour with the advent of cheaper lead-acid cells. There has been a resurgence of interest in NiFe cells arising from their environmentally friendliness, longevity, tolerance to electrical abuse (such as overcharge, over-discharge, being idle for extended periods and short-circuit conditions) and their potential to be a cost-effective energy storage solution for off-grid applications; in particular, NiFe cells are well suited for offshore energy storage. In general, NiFe cells are seen to be more costeffective and environmentally friendly than their lead-acid counterparts. Unfortunately, these cells are limited by their relatively low energy and power densities; in addition, the charging efficiency of the iron electrode is drastically reduced by diverting part of the charging current in the wasteful evolution of hydrogen.
Theory
The primary process taking place during the charging of an iron cell should be reduction of iron(II) to iron(0), as indicated by the forward reaction in Eq. (1); in the same way, the oxidation of iron(0) to iron(II) should take place during the discharging process of the electrode, as indicated by the backward reaction in Eq. (1) [6, 7] .
As has been described above, there are many reasons favouring the use of NiFe cells such as robustness, longevity, environmental friendliness and the relatively low cost of bulk raw materials. However, NiFe cells are limited by their relatively low energy and power densities. A further drawback is the relatively low efficiency of the charge-discharge cycle, with energy efficiencies of 50-60% being widely quoted [5, 6] . The low energy efficiency can be attributed to the evolution of hydrogen as well as an unoptimised cell design.
It has been long recognised that under alkaline conditions (in the case of NiFe cells, close to 28.5% of KOH) water decomposes into hydrogen during the charging of an iron electrode; as a consequence, part of the charging current is wasted in producing hydrogen thus lowering the overall coulombic efficiency of the cell, as illustrated by Eq. (2).
Therefore, with the intention of improving the performance of the NiFe cell, many attempts have been made to develop iron based formulations that minimise the evolution of hydrogen under strong alkaline conditions. As a consequence; while some research projects focus on finding the conditions to maximise the evolution of hydrogen [8] , we are interested in the reduction (or even in the total prevention) of this reaction. The hydrogen evolution reaction is currently studied in many applications such as modern electrochemical technology as well as in future energy conversion [9, 10] .
It has been proposed that the evolution of hydrogen under alkaline conditions is determined by the passivation of the iron electrode. This process can be understood as the spontaneous formation of a surface oxide layer that prevents the iron electrode from corroding. Unfortunately, this process is poorly understood [11] .
In order to improve the performance of iron electrodes, scientists have investigated many sulphur containing additives, such as bismuth sulphide [12] [13] [14] , thiourea [15] , led sulphide and iron sulphide [16] , among others [17] . It has been reported that hydrogen can enter into transition metals such as iron during electrochemical process thus deteriorating its mechanical properties (hydrogen embrittlement). In any aqueous cells, this process is promoted by reduced sulphur species such as HS À , S 2À and H 2 S [18, 19] . In addition, it has been reported that hydrogen promotes the reduction of Fe(III) to Fe(II) so it also modifies the charge/discharge chemistry of the NiFe battery [18] . By considering what has been previously explained, we decided to investigate the potential of iron sulphide as a sulphur containing additive, in the development and improvement of NiFe cells.
Experimental
Iron electrodes were produced by coating strips of nickel foam (40 mm Â 10 mm Â 1.8 mm) with an iron active paste which consists of varying amounts of iron powder (purity 99.5%, <10 mm, from Alfa Aesar) with PTFE (Teflon 30-N, 59.95% solids, from Alfa Aesar) and iron sulphide (purity 99.5%, from Alfa Aesar). Note that in this article, we denote the iron powder as the ''electroactive material''.
In essence, electrodes were coated and then vacuum dried for at least 5 h until a targeted amount of electroactive material was loaded on each electrode; this coating process was repeated until approximately 0.2 g of iron powder were loaded on an area of approximately 1 cm 2 . More experimental details can be found in our previous publication [12] . Once produced, iron electrodes were tested in a three-electrode cell. Commercial nickel electrodes (obtained from a nickel-iron battery) where used as the counter electrodes. A concentrated solution of potassium hydroxide (28.5%) was used as the electrolyte. All potentials were measured against a mercury/mercury oxide (MMO) reference electrode (E 0 MMO = 0.098 V vs. NHE). Experiments of charge and discharge were performed on a 64 channel Arbin SCTS 5 mA. An sketch of the cell test configuration can be found in Fig. 1 .
In order to efficiently investigate the composition effect of Fe, PTFE and FeS on cell performance, an experimental design based on Table 1 was proposed.
Results and discussion
By considering Table 1 and using the mixing rules in a three dimensional concentration space, a simplex centroid design based on a conventional central composite design was proposed. A total of 11 different formulations (six replicates per formulation) were produced and tested; once that was done, a quadratic surface response was found by considering a second order Scheffé polynomial of the form:
Where the term g Q represents the coulombic efficiency, the Y terms represent the weigh percent of each component and the subscripts F, S and P correspond to iron, iron sulphide and PTFE respectively.
Where any positive sign in front of each composition term indicates a synergistic effect; in the same way, any negative sign indicates an antagonistic effect. The ANOVA test reveals that at the level of confidence a = 0.05 all parameters of the model are significant. Fig. 2 provides a three dimensional representation of Eq. (4). Note that we have plotted the coulombic efficiency (g Q ) in logarithmic coordinates; in addition, the concentrations of iron sulphide, PTFE and iron are denoted by FeS, PTFE and Fe respectively. For the sake of clarity, we have highlighted in red colour the regions where coulombic efficiency is maximised; likewise, we have used blue to denote formulations that minimise coulombic efficiency and yellow for intermediate values of the same parameter. Finally, the contour curves represent formulations that render cells of the same coulombic efficiency. Finally, a residuals analysis indicates that the fitted model provides an adequate approximation to the true system. We found no evidence against normality, so we concluded that the overall model is suitable to describe the phenomenon.
By using Eq. (4), we can find the formulation that maximises coulombic efficiency. The details of such procedure can be found in most books of calculus. In order to facilitate the finding of conditions that maximise the performance of our NiFe cells, we have developed a C/C++ program based on a simplex algorithm. The final formulation predicted by the model consists of 82.7% Fe +11.2% FeS +6.1% PTFE; the predicted coulombic efficiency for this formulation was 17.6%. Fig. 3 illustrates the battery performance for such formulation. Fig. 3 indicates that battery performance tends to increase with the cycle number during the first cycles (conditioning period). This behaviour has been previously reported and in general, it seems to last for no more than 30 cycles. In addition, battery performance tends to increase and decrease in a rather unpredictable manner; however, in the long run, the performance of the battery tend to increase during the conditioning period and to stabilize after it.
A possible explanation for the increase of performance (in a rather erratic manner) could be due to the fact that the electrodes tend to fall apart until they reached a certain configuration (probably determined by the electroactive surface area of the electrode itself) so they can handle the current requirements of the charge/ discharge test without major structural changes.
By using three replicates per optimal formulation and at the level of confidence a = 0.05 no meaningful differences were found (results not shown) and therefore, we conclude that the optimal formulation is valid under the experimental conditions and the results are not due to chance. Note how the coulombic efficiency seems to be close to 20%. As was already explained, the model has predicted 17.6% as the coulombic efficiency for the overall formulation (in the conditioning period), so the prediction made by the model is truly remarkable.
Although, iron electrode formulations with a better performance have been reported [12, 13] , the formulation developed here exhibits a relatively large capacity close to 160 mAh/g and a coulombic efficiency of nearly 20%. These results are very encouraging if we consider that we have used a relatively easy manufacturing process. On top of that, we have used neither ultrapure, nor nano-size reactants. Therefore, the formulation and the process reported here, have the potential to be a real cost effective solution for large scale energy storage applications.
Conclusions
It has been recognised that there is a great variability in the production of iron electrodes for NiFe cells. The use of a surface response approximation has proven to be valid under the experimental conditions tested here. Iron electrodes with a relatively large capacity close to 160 mAh/g were produced from relatively inexpensive materials by using a simple manufacturing route.
Although, the performance (coulombic efficiency) of the iron electrodes produced with iron sulphide is only in the order of 20%, iron electrodes hold the promise for a real cost effective solution for large scale energy storage applications.
During the development of our NiFe cells, we have identified great variability in the production of iron electrodes. This could be due to the fact that iron electrodes tend to fall apart until they reach a stable configuration (in terms of electroactive surface area, current, voltage, etc.). The use of a surface response approximation has proven to be valid under the experimental conditions tested here.
Offshore wind power has the potential to provide abundant electricity thus mitigating our dependence on fossil fuels and to balance the grid. Unfortunately, wind energy is not always available on demand, which means that offshore wind energy does require energy storage to solve the asynchronous problem of energy generation and demand. The low cost of raw material, the environmental friendliness of NiFe cells and the large room for improvement make us believe that sooner than later aqueous battery technology will gain its rightful place as an energy storage solution for offshore wind energy.
